The early B-cell factor (EBF) transcription factors are central regulators of development in several organs and tissues. This protein family shows low sequence similarity to other protein families, which is why structural information for the functional domains of these proteins is crucial to understand their biochemical features. We have used a modular approach to determine the crystal structures of the structured domains in the EBF family. The DNA binding domain reveals a striking resemblance to the DNA binding domains of the Rel homology superfamily of transcription factors but contains a unique zinc binding structure, termed zinc knuckle. Further the EBF proteins contain an IPT/TIG domain and an atypical helix-loop-helix domain with a novel type of dimerization motif. The data presented here provide insights into unique structural features of the EBF proteins and open possibilities for detailed molecular investigations of this important transcription factor family.
The early B-cell factor (EBF) transcription factors are central regulators of development in several organs and tissues. This protein family shows low sequence similarity to other protein families, which is why structural information for the functional domains of these proteins is crucial to understand their biochemical features. We have used a modular approach to determine the crystal structures of the structured domains in the EBF family. The DNA binding domain reveals a striking resemblance to the DNA binding domains of the Rel homology superfamily of transcription factors but contains a unique zinc binding structure, termed zinc knuckle. Further the EBF proteins contain an IPT/TIG domain and an atypical helix-loop-helix domain with a novel type of dimerization motif. The data presented here provide insights into unique structural features of the EBF proteins and open possibilities for detailed molecular investigations of this important transcription factor family.
Transcription factors bind to specific DNA sequences and thereby control the transfer of genetic information from DNA to mRNA. The process of eukaryotic transcription is highly regulated and requires fine-tuned machineries where transcription factors play a pivotal role as DNA binders. In addition, co-activating, chromatin-remodeling, and signaling proteins also play crucial roles in gene regulation without necessarily binding DNA directly but rather through a network of interactions within the transcription module.
The human early B-cell factor (EBF) 2 transcription factor family is composed of four members (EBF1-4) characterized by a helix-loop-helix (HLH) motif with resemblance to those found in basic HLH proteins (1, 2) . However, rather than a basic HLH, EBF utilizes a unique domain including a zinc coordination motif (3) to bind DNA as dimers to two pseudo-palindromic half-sites separated by two base pairs (4) . Although EBF proteins were first identified in B-lymphocytes (1) and olfactory neurons (2), they have now been shown to be involved in the development and function of a large number of specialized cells including adipocytes (5) and osteoclasts (6) .
The structured part of the EBF proteins is composed of a conserved N-terminal DNA binding domain (DBD), an IPT/ TIG (immunoglobulin, plexins, transcription factors-like/transcription factor immunoglobulin) domain, and an atypical helix-loop-helix motif, more appropriately termed a helixloop-helix-loop-helix motif (HLHLH) ( Fig. 1A) (7) . All four members of the EBF family show very high sequence similarity within the structured part, in particular EBF1 and EBF3 with 95% sequence identity over this region (8) . An additional, probably unstructured, transactivation region, with lower conservation, is present in the C terminus. We set out to solve structures from all family members, and because of the high degree of sequence identity between the different EBF proteins, the structure of any member of the family members should be representative for the whole family.
Here we report the first crystal structures for the EBF family. This is particularly valuable as the EBF family shares very little sequence similarity with other known transcription factors. Because most transcription factors have a well defined modular domain organization with discrete structure and function, we used a multiconstruct approach (9) to produce the different domains of EBF proteins for structural determination by x-ray crystallography. Our structures of the EBF DBD, IPT/TIG, and HLHLH modules represent together a complete coverage of the structured region of these proteins. Surprisingly, the DBD structure reveals striking resemblance to the N-terminal domain of the Rel homology superfamily of transcription factors. The structures of both the IPT/TIG and the HLHLH modules suggest context-dependent functions in dimerization and/or protein-protein interaction.
Cloning, Protein Production, and Purification-The DNA sequences corresponding to residues Arg-10 -Ser-250 (DBD) and Glu-258 -Thr-351 (IPT/TIG) in human EBF1 (gi: 31415878), and Glu-251-His-386 (TIG-HLH) and Ser-250 -Val-406 (TIG-HLHLH) in human EBF3 (gi: 53828926) were subcloned into a plasmid also coding for a N-terminal histidine tag and expressed in Escherichia coli cells. Bacterial cells were cultured in Terrific Broth medium. The DNA binding domain was also produced as selenomethionine-labeled using a minimal medium. Purification was performed in two steps using immobilized metal ion affinity chromatography followed by size exclusion chromatography. The N-terminal His tags were proteolytically removed with tobacco etch virus protease. Protein identities were confirmed by mass spectrometry, and samples were stored at Ϫ80°C.
The DBD was complexed with the DNA duplex using primers 5Ј-GAGAGAGAGACTCAAGGGAATTGTGGCC-3Ј and 5Ј-GGCCACAATTCCCTTGAGTCTCTCTCTC-3Ј and subjected to size exclusion chromatography. The peak at a retention volume corresponding to a 2:1 complex was collected and concentrated.
Crystallization, Data Collection, Structure Determination, and Validation-Crystals of the DBD, IPT/TIG, and TIG-HLH were obtained by the sitting drop vapor diffusion method at 4°C. The crystallization conditions were: DBD, 0.1 M MES, pH 5.8, 2.1 M ammonium sulfate; IPT/TIG, 0.1 M Tris, pH 9, 0.3 M trimethylamine n-oxide, and 23% PEG monomethyl ether 2000; TIG-HLH, 0.1 M Bis-Tris propane, pH 7.5, 0.2 M sodium formate, and 21% PEG 3350. Crystals of TIG-HLHLH were obtained by hanging drop vapor diffusion in 0.1 M Bis-Tris propane, pH 6.9, and 2.9 M NaCl. IPT/TIG crystals were soaked 48 h in ethylmercurithiosalicylate before freezing. All crystals were flash-frozen in liquid nitrogen after quick transfer to well solution containing: DBD, 20% glycerol; IPT/TIG, 1 mM ethylmercurithiosalicylate and 20% glycerol; and TIG-HLH and TIG-HLHLH, 20% ethylene glycol.
Data were collected at DIAMOND (I04), Oxfordshire, England (DBD), and BESSY (BL14-1), Berlin, Germany (IPT/TIG; TIG-HLH; and TIG-HLHLH). Data were indexed and integrated using XDS (10) or iMOSFLM (11) and scaled using XSCALE (10) or SCALA from the CCP4 suite (12) . Structures were solved by selenium or mercury single anomalous dispersion using SOLVE (13) or SHELX (14) and by molecular replacement using PHASER (15) or MOLREP (16) . Initial models were built using RESOLVE (13) or BUCCANEER (17) . Structures were refined using REFMAC (18) or PHENIX (19) . Refinement rounds were complemented with manual rebuilding using COOT (20) . Data collection and refinement statistics are presented in supplemental Table S1 . Structural similarity searches were carried out using the Dali server (21) . Z-scores Ͼ6 were kept as highly significant. Figures were generated using ccp4mg (22) .
Docking-Docking of DBD to DNA was performed using the program HADDOCK (23).
RESULTS

The DNA Binding Domain Reveals Similarities with the Rel Homology Domain Family of Transcription Factors-
The structural characterization of the EBF DBD is of particular interest because it shows low or no homology to any other protein. A Dali search (21) with our EBF1 DBD structure returned three highly significant hits: NFAT1 (PDB: 1PZU), the p65 subunit of NF-B (PDB: 2RAM), and TonEBP (PDB: 1IMH). Interestingly, all three of these proteins belong to the Rel homology domain family (RHD family; Pfam PF00554), which is a member of the p53-like clan of structures (CL0073). The DNA binding domain of EBF shows, at best, only a 14% sequence identity to the p65 subunit of NF-B, and the structural relationship was not identified based on sequence.
The RHD is a protein domain found in eukaryotic transcription factors composed of two immunoglobulin-like ␤-barrel subdomains that grip the DNA in the major groove. The first subdomain, referred to as the N-terminal specificity domain, N-RHD, contains recognition loops that interact with DNA bases. The second subdomain, referred to as the C-terminal dimerization domain, C-RHD, contains in addition proteinprotein interaction sites and is analogous to the EBF IPT/TIG domain.
The overall structure of EBF DBD reveals an antiparallel ␤-barrel comprised of nine strands arranged into sheets (Fig.  1B) . Although superposition of the EBF DBD ␤-barrel core with other RHD-containing proteins reveals similar topology, the emanating loops are quite distinct. A characteristic feature in the EBF DBD is the presence of a zinc binding motif termed the "EBF zinc knuckle," coined by Fields et al. (24) . This HCCC zinc binding pattern is one of the more uncommon zinc coordination motifs (25) (Fig. 1C) , and searches for similar structural motifs in the PDB with SPASM (26) using either the whole knuckle sequence or only the zinc-coordinating residues did not result in any significant hits.
In addition to the structure maintaining zinc-coordinating residues, mutational studies have identified a set of residues important for DNA interaction; Arg-163 has been shown to be absolutely required for DNA binding, while mutation of Lys-167, Lys-168, Asn-172, and Asn-174, all in the knuckle region, affect DNA binding negatively (24) . The EBF zinc knuckle structure shows that the ␣-␣ motif positions these residues accessibly for interaction with DNA. Further examination of the electrostatic properties of the surface of the EBF DBD reveals a positively charged groove available for interaction with DNA ( Fig. 1D ). Residue His-235, also found to be crucial for DNA interaction by mutagenesis, is found in the vicinity of this area.
Structure of the IPT/TIG Domain-Structures were determined for the IPT/TIG domains of both EBF1 and EBF3 (PDB ID: 3MQI and 3MUJ, respectively) ( Fig. 2A) . Sequence alignment of these two IPT/TIG domains reveals 98% sequence identity, and the resulting crystal structures are very similar, with superposition showing root mean square C␣-C␣ distance of 0.72 Å over an 83-residue range. The structures reveal an immunoglobulin-like fold, confirming that they belong to the IPT/TIG domain family (Pfam: TIG: PF01833), which is similar to the C-RHD subdomain (Fig. 2B ). This strengthens the structural similarities with the RHD family. TIG domains are typically found in transcription factors but also in cell surface receptors such as Met and Ron (27) and typically exhibit three different topologies (28) . The EBF structures presented here reveal a NF-B-type TIG topology that has several roles; it is involved in DNA binding and/or dimerization but has also been implicated in protein-protein interactions.
The crystal packing in both the EBF1 and the EBF3 IPT/TIG crystals show formation of a dimer at the interface of strands ␤1, ␤2, and ␤4 (Fig. 2C ). The dimer interface has a buried surface area of 1960 Å 2 (29) and consists of a hydrophobic core surrounded by electrostatic interactions. This feature supports a role in dimerization and protein-protein interaction.
The closest structural homologue to the EBF IPT/TIG domain is the TIG domain in human calmodulin binding transcription activator 1, CAMTA1 (PDB: 2CXK). CAMTA1 is a member of a transcription factor family composed of a CG-1 DNA binding domain, the TIG domain, calmodulin binding IQ repeats, as well as ankyrin repeats (30) . The biology of CAMTA1 is still largely to be explored, and the function of its TIG domain remains unknown.
New Fold for Atypical HLHLH Domain-Unlike the typical HLH motif containing proteins, the HLHLH domain of EBF proteins is not involved in DNA binding but rather in dimerization and transactivation. Evolutionarily, this module has expanded from being a double helix motif to a triple helix motif where the first and either of the following two helices are sufficient for dimer formation (31) .
The structure of the two first helices in the HLHLH region of EBF3 reveals a new helical bundle-like fold for which structural homologue searches yield no significant hits (Fig. 2D ). In our EBF structure, the first ␣-helix from one monomer packs with the second helix on the other monomer in an antiparallel fashion. The pair of helices then comes together to form a stable hydrophobic core. In a structure of a protein variant containing all three helices in the HLHLH motif (PDB code 3N50), we do not see the pair of third helices in any of the dimers in the asymmetric unit. Where a third helix is present, it folds over to interact with hydrophobic residues of the adjacent helix from the other monomer. The low occupancy of the third helix in the crystal structure indicates that the interaction of the third helix is weaker than between the two first helices, and its conformation might be affected by crystal contacts. The plasticity of the third helix suggests its involvement in interactions with other proteins.
The HLHLH domain contains a PXXPXXP motif in the loop between H1 and H2 (Fig. 2D ). Different polyproline motifs often participate in recognition events, and a similar sequence in the proline repeat domain of p53 was shown to bind the transcriptional co-activator p300 and control p53 acetylation (32) . EBF has been shown to have an inhibitory effect on p300/ CREB-binding protein through a direct interaction (33), suggesting that the PXXPXXP motif may be the interaction site for p300 or for other partners involved in transactivation.
DISCUSSION
DNA Interaction and the Role of the IPT/TIG Domain-
Analogy with members of the Rel homology family suggests that in addition to the DBD, the IPT/TIG domain might be involved in DNA binding. The closest DNA-complexed structural neighbor to EBF is TonEBP (PDB: 1IMH) (21). In TonEBP, the N-RHD and C-RHD domains from two monomers dimerize to almost encircle the DNA (34) . Superposition of our DBD and IPT/TIG structures with TonEBP shows that a similar arrangement for the EBFs is plausible (Fig. 3A) . However, based on the electrostatic properties of the EBF IPT/TIG surface and the DBD zinc knuckle structure, somewhat different orientations of the domains with respect to the DNA are probable.
Attempts to dock a single or a pair of EBF DBD molecules to a palindromic DNA sequence resulted in several possible binding modes that differ substantially from what is seen in the RHD-DNA complexes.
In the top scored model, the EBF zinc knuckle of the first monomer reaches toward the bases in the major groove, and additional DNA contacts are provided by the large preceding loop (Fig. 3B ). Salt bridges are formed between the two protein monomers by residues in the zinc knuckle area and loop ␤6␤7. The second DBD molecule is mainly positioned outside the second half-site and is less tightly attached to DNA. This asymmetric binding mode could be valid because the natural EBF binding sites seldom are perfectly palindromic, and EBF is known to tolerate mutations in the consensus site (4) .
However, in EBF, the IPT/TIG domain may be dedicated to protein-protein interactions without being involved in DNA interactions. TIG domains have been shown to use the surface of the ␤-sheets for intermolecular interactions (28, 35) , and the complex between CSL and Notch (36) is a well characterized example of such an interaction. A similar type of interaction is possible between the EBFs and Notch, which is known to down-regulate EBF-regulated promoters (37) .
Finally, it cannot be excluded that the function of the EBF IPT/TIG domain might be context-dependent with different roles depending on the transcriptional state of the cell. In addition, the complexity is increased by the varied spacing between the DBD and IPT/TIG domains in different isoforms. At least two of the EBF proteins, EBF1 and EBF3, exist in two isoforms where the longer isoform contains two insertions, one shorter between the DBD and the IPT/TIG domains and one longer in the C-terminal transactivation region. The plasticity of the HLHLH domain also allows for interaction-dependent conformations, which can be beneficial in a dynamic transcription module.
Concluding Remarks-We provide the first line of structural information for proteins of the EBF family representing a rather recently identified family of transcription factors. This family Fig. 1 where the C terminus is in red, and the other chain is represented in cream. the HLHLH region is presented in the dotted diamond. ␤-Sheet numbering is shown for the IPT/TIG domain. C, the left-hand side is the representation of the IPT/TIG domain indicating the presence of a buried surface area. The right-hand side is a 90°turn (anticlockwise) of one of the monomers, revealing a hydrophobic core (lemon) situated at the interface of the two molecules. D, close-up of HLHLH region shows packing of ␣-helix 1 (H1) with ␣-helix 2 (H2) of adjacent monomers in this region. Proline residues present in the loop between H1 and H2 and available for interaction are also shown. TAD, transactivation domain. was initially thought to be involved in a limited set of defined developmental processes, but it is becoming increasingly evident that these proteins are crucial for normal cell functions in diverse tissues, including lymphocytes, neurons, and adipocytes. In addition, there are increasing amounts of evidence supporting the notion that EBF proteins are targeted in malignant transformation. The structural information covering the conserved domains of the EBF proteins provided in this report will serve as a basis for more detailed molecular investigations of the function of these factors in normal as well as pathological conditions. Future work will show how the EBF proteins interact with both DNA and other proteins in the cell.
